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Culture of KSHV-infected lymphatic endothelial cells in 3D increases viral gene expression, leading to Notch-
induced MT1-MMP-dependent endothelial-to-mesenchymal transition. This reproduces patterns of KSHV
gene expression and presence of mesenchymal KSHV-infected cells found in KS lesions, narrowing the
gap between in vitro systems of infection and KSHV tumorigenesis.Human oncoviruses such as EBV, KSHV,
HPV, and HTLV-1 have the ability to dys-
regulate cell proliferation and survival
mechanisms in infected cells. This trig-
gers an oncogenic process leading to
the progressive acquisition of all the
hallmarks of viral cancers making-up
their distinctive phenotypes. Yet, one of
the major roadblocks to viral oncology
research has been the lack of good
in vitro models of infection that accu-
rately reproduce many features ob-
served in virus-associated tumors. This
is particularly true for Kaposi’s sarcoma
(KS), a major AIDS-associated cancer
that presents as an angioproliferative
spindle cell sarcoma of vascular origin,
and its herpesvirus KSHV, also called
human herpesvirus-8 (HHV-8), an onco-
genic g2 herpesvirus (Ganem, 2010;
Mesri et al., 2010). Although KSHV
infection of endothelial cell monolayers
leads to spindling, glucose metabolism
changes, and prolonged survival, it
only modestly reproduces KS malignant
phenotypes (Mesri et al., 2010). This
may be partly attributed to the tendency
of KSHV to establish latency during
in vitro infections, leading to restricted
expression of viral oncogenes. This is
in stark contrast to some KS lesions
as well as KSHV-infected endothelial
lineage cells growing in nude mice. In
the later scenarios, increased expression
of lytic viral oncogenes such as vGPCR,
K1, vIRF-1, and vIL-6 are thought to
drive the formation of highly angiogenic
KS tumors (Mesri et al., 2010; Mutlu
et al., 2007).In the present issue of Cell Host &
Microbe, Cheng and coauthors (Cheng
et al., 2011) sought an explanation
for the dramatic differences between
in vitro and in vivo viral oncogenesis.
They mimicked cell-to-cell interactions
occurring in vivo by assembling KSHV-
infected primary lymphatic endothelial
cell cultures into three-dimensional (3D)
spheroids embedded in clotted-fibrin
scaffolds. They found that in 3D spher-
oids, KSHV induced a remarkable pheno-
type characterized by the sprouting of
infected cells that downregulated endo-
thelial antigens while at the same time
upregulated mesenchymal markers. This
process closely mimics the recently
described endothelial-to-mesenchymal
transition (EnMT), an epithelial to mesen-
chymal transition-like process that is
thought to be an important source of
invasive malignant stroma (Potenta
et al., 2008). With this key observation
as the starting point the authors carried
out several significant observational and
mechanistic studies. First, they found
that KSHV-infected cells in KS lesions
expressed the same mesenchymal
markers found in KSHV-infected 3D
spheroid sprouts. Second, they found
that the EnMT sprouting process was
Notch dependent and it was induced
by Notch activation caused by KSHV
gene products. Third, they found that
Notch activates invasiveness by inducing
PDGFRb signaling via the membrane-
tethered matrix metalloproteinase MT1-
MMP, which is also expressed at the
invasive edge of KS lesions. Finally, theyCell Host & Microbe 10, Dfound that 3D growth leads to upregula-
tion of the Notch-activating KSHV genes
by inducing a more permissive epige-
nome, which also allows less restricted
expression of several KSHV latent and
lytic genes. These results have profound
implications for our understanding of
KS-lesion histogenesis, the mechanisms
of lytic oncogene upregulation in vivo,
and the role for KSHV in cell invasiveness.
More importantly, this report describes
a very powerful method that may enable
the use of in vitro systems and more
controlled experimental conditions to
understand key mechanisms and pheno-
types occurring in KS tumors (Figure 1).
KS lesions are known to be composed
of multiple cell types, resulting in a long-
standing debate regarding the cellular
origins of this malignancy (Ganem, 2010;
Mesri et al., 2010). Prominent among the
cell types is the KS spindle cell, which
is infected with KSHV and displays a
transcriptional signature suggestive of
a lymphatic endothelial origin. However,
KS lesions are not restricted to endothe-
lial-lineage spindle cells but can also
present other KSHV-infected cell types
such as monocytes, myofibroblasts,
lymphocytes, and plasma cells. The
ontogeny of the KS lesions and its
multiple infected lineages are still a
matter of controversy. Most spindle cells
express endothelial lineage markers
such as Factor VIII, CD34, and PECAM/
CD31, but also lymphatic endothelial
markers such as VEGFR3, Podoplanin,
D2-40, and LYVE (Mesri et al., 2010). In
addition, KS spindle cells have longecember 15, 2011 ª2011 Elsevier Inc. 529
Figure 1. KSHV Infection of Lymphatic Endothelial Cells in 3D Cultures Recapitulates Aspects of Kaposi’s Sarcoma
In 2D monolayers (top), KSHV infection has a tendency to establish latency resulting in partial KS-like phenotypic changes. In 3D spheroids (bottom), increased
KSHV latent and lytic gene expression causes vGPCR and vFLIP to activate Notch signaling. Notch upregulation of MT1-MMP activates of PDGFRb signaling
and EnMT, leading to sprouting and invasiveness. EnMT is characterized by expression of mesenchymal markers (light-blue cells) with downregulation of
endothelial markers such as CD31/PECAM and Z0-1 (salmon-colored cells).
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Previewsbeen known to express mesenchymal
markers such as vimentin and a smooth
muscle actin. Current KS histogenic
hypotheses propose that upon infection,
an endothelial progenitor or mature endo-
thelial cell type undergoes transcriptional
reprogramming induced by KSHV. The
work by Cheng et al. (2011) adds a new
level of complexity to KSHV reprogram-
ming by showing that cell-to-cell inter-
actions and Notch activation could
explain EnMT reprogramming and the
presence of infected mesenchymal cells
in KS lesions.
The cell-to-cell signaling mediator
Notch plays important roles in regulating
angiogenesis and EnMT (Noseda et al.,
2004; Ridgway et al., 2006). In tumor
angiogenesis, Notch is necessary to
antagonize proliferative vessel growth
caused by VEGF, which is essential for
the formation of functional vasculature
(Ridgway et al., 2006). Notch signaling is
targeted by several viruses including
KSHV and it is an important KSHV gene
expression coregulator (Ganem, 2010;
Liang and Ganem, 2003). In vitro, KSHV530 Cell Host & Microbe 10, December 15, 20is known to reprogram endothelial cells
in 2D monolayers toward cells with char-
acteristics of vascular smooth muscle
cells sharing some mesenchymal pheno-
typic markers and to promote cell pro-
liferation and survival through Notch
(Emuss et al., 2009; Liu et al., 2010).
Importantly, inhibition of Notch signaling
has been shown to inhibit KS-associated
angiogenesis and tumor growth (Liu
et al., 2010). Cheng et al. found that
many downstream targets of Notch such
as Hey and Hes were upregulated in 3D
cultures of KSHV-infected cells. Lentiviral
silencing showed that Notch signaling
was activated by the KSHV genes vFLIP
(latent) and vGPCR (lytic) but not by other
latent genes tested (LANA and v-cyclin).
Interestingly, Notch endothelial cell an-
tagonists, such as VEGF, were found to
induce 3D-dependent endothelial but
not mesenchymal sprouting, while inhi-
bition of Notch signaling by drugs or
specific anti-notch ligand antibodies
was found to block sprouting and EnMT
marker expression. These results docu-
ment the involvement of Notch in the11 ª2011 Elsevier Inc.generation of pathogenic cell phenotypes
by KSHV and further support Notch tar-
geting as a viable strategy for KS therapy
(Ganem, 2010; Liu et al., 2010; Mesri
et al., 2010).
Seeking molecular explanations for
the EnMT, Cheng et al. (2011) identified
a 3D KSHV-specific transcriptome and
found many genes corresponding to the
invasive phenotype. This led to the identi-
fication of MT1-MMP as a key protease
implicated in EnMT and invasiveness.
Pharmacologic and genetic experiments
showed that MT1-MMP expression was
Notch dependent and associated with
the acquisition of an invasive phenotype
that was mediated in part by MT1-
MMP-mediated activation of PDGFRb
signaling. Interestingly, KSHV-infected
mesenchymal cells expressing MT1-
MMP were found both at the invasive
edge of KS tumors and within nontu-
morigenic cells adjacent to the tumors.
Taken together, the data identify the
Notch-MT1-MMP-PDGFRb axis and their
effectors as important mediators of KS
invasiveness and in situ tumor growth.
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between in vitro and in vivo tumor growth
of KSHV-infected cells has been the
in vivo growth-induced increase in lytic
gene expression that correlates with the
acquisition of KS malignant and angio-
genic phenotypes (Mutlu et al., 2007).
Cheng et al. found that KSHV-infected
cells growing in vitro in 3D, as compared
to 2D monolayers, showed increased
levels of certain KSHV latent as well as
lytic genes. Moreover, immunofluores-
cence analysis showed that spheroids
had increased numbers of cells displaying
the expression of late lytic markers. These
differences could partially explain the
differential activation of Notch signaling
in 3D versus 2D cultures. To explain this
increased lytic gene expression, the
authors compared the KSHV epigenome
from cells growing in monolayers and in
spheroids. Areas of reduced histone
methylation were observed in KSHV
episomes from the 3D spheroids, indi-
cating a more relaxed epigenome that
leads to a less restrictive lytic gene
expression. Importantly, these data
show that a relaxed epigenome that could
arise in 3D cultures or be characteristic of
a less committed cell type such an endo-
thelial progenitor cell can be critical in
determining a pattern of KSHV geneexpression conducive to pathogenesis
and sustained viral replication, which is
necessary for spread and maintenance
of the infected state.
The research by Cheng et al. (2011)
points to new avenues in viral oncology
research. It shows that a better reflection
of disease phenotypes can be achieved
via sophisticated tissue culture tech-
niques such as 3D spheroids and that
these methods can be key to gaining
insights into the molecular mechanisms
of in vivo viral oncogenesis. Exciting new
research topics can now be addressed,
such as (1) other in vivo-specific mecha-
nisms that may be reproduced in vitro;
(2) the relationship between 3D growth,
changes in the viral epigenome, and its
effects in regulation of key processes
such as retention of the viral episome
and the expression of KSHV pathogenic
genes; (3) the role of EnMT in KS patho-
genesis and progression; and, (4) since
cultures from primary KS lesions lose
KSHV after several passages in vitro, it
is possible that 3D methods will allow
the generation of actual KS cell lines re-
taining the viral genome. Finally, this 3D
in vitro viral oncogenesis system may
allow the identification and validation of
a plethora of potential new therapeutic
targets.Cell Host & Microbe 10, DREFERENCES
Cheng, F., Pekkonen, P., Laurinavicius, S.,
Sugiyama, N., Henderson, S., Gunther, T., Ranta-
nen, V., Kaivanto, E., Aaviko, M., Sarek, G., et al.
(2011). Cell Host Microbe 10, this issue, 577–590.
Emuss, V., Lagos, D., Pizzey, A., Gratrix, F., Hen-
derson, S.R., and Boshoff, C. (2009). PLoS Pathog.
5, e1000616.
Ganem, D. (2010). J. Clin. Invest. 120, 939–949.
Liang, Y., and Ganem, D. (2003). Proc. Natl. Acad.
Sci. USA 100, 8490–8495.
Liu, R., Li, X., Tulpule, A., Zhou, Y., Scehnet, J.S.,
Zhang, S., Lee, J.S., Chaudhary, P.M., Jung, J.,
and Gill, P.S. (2010). Blood 115, 887–895.
Mesri, E.A., Cesarman, E., and Boshoff, C. (2010).
Nat. Rev. Cancer 10, 707–719.
Mutlu, A.D., Cavallin, L.E., Vincent, L., Chiozzini,
C., Eroles, P., Duran, E.M., Asgari, Z., Hooper,
A.T., La Perle, K.M., Hilsher, C., et al. (2007).
Cancer Cell 11, 245–258.
Noseda, M., McLean, G., Niessen, K., Chang, L.,
Pollet, I., Montpetit, R., Shahidi, R., Dorovini-Zis,
K., Li, L., Beckstead, B., et al. (2004). Circ. Res.
94, 1468–1470.
Potenta, S., Zeisberg, E., and Kalluri, R. (2008). Br.
J. Cancer 99, 1375–1379.
Ridgway, J., Zhang, G., Wu, Y., Stawicki, S., Liang,
W.C., Chanthery, Y., Kowalski, J.,Watts, R.J., Call-
ahan, C., Kasman, I., et al. (2006). Nature 444,
1083–1087.Apicomplexan AMA1 in Host Cell Invasion:
A Model at the Junction?Christine R. Collins1 and Michael J. Blackman1,*
1Division of Parasitology, MRC National Institute for Medical Research, Mill Hill, London NW7 1AA, UK
*Correspondence: mblackm@nimr.mrc.ac.uk
DOI 10.1016/j.chom.2011.11.006
Host cell invasion by the malaria parasite is a crucial step in its life cycle. In this issue of Cell Host & Microbe,
Giovannini et al. (2011) raise questions about the validity of a widely accepted model of the tight junction,
a ring-like structure through which the invading parasite passes.Many readers of this article are un-
knowing hosts to a ubiquitous unicellular
parasite called Toxoplasma gondii. For
most, this is of no concern, as the para-
site is harbored in the form of benign
latent cysts called bradyzoites. However,in immunocomprised individuals, the
parasite can reactivate, leading to
a potentially serious fulminating infection.
Toxoplasma is just one member of a large
group of obligate intracellular protozoan
parasites called the Apicomplexa. Themost important members of this phylum
are the Plasmodium species responsible
for malaria, but several other genera,
including Cryptosporidium and Theileria,
are also of clinical and veterinary
importance.ecember 15, 2011 ª2011 Elsevier Inc. 531
